Abstract: This paper outlines a mechatronic design and a remote measurement system of a trirotor unmanned aerial vehicle (UAV). Furthermore, with particular emphasis on the experimental aspect, this study presents also a real dynamic model with reduced inputs made by experimental aerodynamic forces/torques identification. The trirotor presents a real control challenge compared with the quadrotor system. Indeed, in contrast to the quadrotor, the trirotor presents a non-symmetric structure and it has an odd number of rotors which causes a yaw moment issue. The developed mechanical design and the actuators characteristics are then presented. Experimental tests show that we can have a reduced dynamic model. Indeed, with empirical manipulations we deduce some relations between drag torque and thrust forces. Such result allows us to reduce the trirotor developed model inputs. Finally, this study is a preliminary phase before the real-time control implementation.
Introduction
Robotics remains an open area of research (Zhang et al., 2014; Li et al., 2015; Shao et al., 2015) . Accordingly, in the mobile robotic fields, a lot of works have been carried out (Kaur and Janardhanan, 2014; Umar et al., 2014) . Being one of the subfields, the unmanned aerial vehicle (UAV) is now gaining importance according to its required uses. Many fields of application can be cited such as exploration, military operation and many areas where direct human intervention is not possible or dangerous. In addition, the uses include also the fine-scale mapping employing the light detection and ranging (LIDAR) systems based on laser scanner (Lin et al., 2011) . Furthermore, Nagai et al. (2009) integrate these robots in mapping system using different sensors. Similarly, Olsson et al. (2010) use UAV in the communication field to reduce the uninterrupted bandwidths and the limited communication range which define a new communication network generation for monitoring and surveillance.
The multirotor UAV has another specificity called the vertical take-off and landing (VTOL) for the fact that the thrust force is almost vertical to the gravitational force. Therefore, this particularity provides the hovering flight capacity and removes the need for takeoff/landing runway which is requirement in the fixed wing UAV case. The VTOL UAV must always obey to navigability criteria according to air traffic rules. Furthermore, for a better navigation and to ensure the obstacle avoidance UAVs offer smooth and rapid motion in all possible directions. Meanwhile, the trirotor ensures a heading angle in advance of a sudden orientation switch owing to its structure as explained in further sections.
In literature, a lot of UAV shapes are presented; the classification is made regarding the rotor number. Indeed, this classification includes helicopter (Chabir et al., 2015) , bi-rotor, quadrotor, hexarotor and also trirotor. The last one, having three rotors arranged in a triangular shape, presents the main concern of this work.
The trirotor has an odd number of propellers, which cause flight problem. Indeed, the odd number of propellers provides an uncompensated third drag torque. This problem can be presented as a yawing moment caused by the air reaction. This matter remains common with the UAVs presenting a non-symmetric frame. In contrast, owing to the quadrotor symmetrical structure, the yawing moment sum remains null.
In order to avoid this issue, researchers try a lot of trirotor designs and control strategies. Firstly, Salazar-Cruz et al. (2009) in the University Technology of Compiegne installed a servo-motor below the third rotor bearing which orientates the thrust and drag for a null yawing moment. The two other rotors turn in counter sense, thus the drag sum stills null. Also, the authors have adopted the Euler-Lagrange approach to get the dynamic model. It remains to say that Salazar-Cruz et al. (2009) were the first to design this structure of UAV. Unfortunately, the developed model lacks the elementary drag torque influence in the system dynamics. After that, Chiou et al. (2013) analysed the dynamic model of Yoon et al. (2013) , and the control strategy adopts a fuzzy controller thus any modelling task is not required. Then, Yoo et al. (2010) present a new design called coaxial trirotor (or Y6), trying to avoid the drag issue, they put two rotors standing back to back in each rotation axis. Therefore, each propeller has already another one below in counter sense rotating, which cancels accordingly the total drag. This solution ensures a stable flight compared to a classic trirotor. However, this conception can be considered as a greedy energy solution. In fact, supplying six motors not only requires a high energies consummation but also causes the UAV flight time reduction. Moreover, the control strategy has to take into consideration the six controllers instead of four.
Finally, Kulhare et al. (2012) , given the aerodynamic forces as separated inputs, present a back-stepping control strategy for a proposed trirotor MIMO model. With all, the problem is that the aerodynamic forces are highly coupled. Eventually, in this paper, we are going not only to proof the aerodynamic proportionality but also to use its relationship in favour of the model reduction.
The main focus considered in this work is to develop a real dynamic model of a trirotor. This UAV has been assembled and controlled by a flight-board. The proposed mechatronic design is preliminary steps before the embedded real-time control. This dynamic model comes hand by hand with aerodynamic background. The difficulty was essentially in reducing the dynamic model. The real contribution is that we have proposed a dynamic model with an input number smaller than other models in the literature in Chiou et al. (2013) and Yoon et al. (2013) . In contrast to the developed model by Salazar-Cruz et al. (2009) which lacks the elementary drag torque influence in the system dynamics, the proposed model based on the experimental tests and empirical manipulations presents a more realistic modelling. The developed solution consumes less energy than the solution proposed by Yoo et al. (2010) . In contrast to Kulhare et al. (2012) who presented a model with highly coupled aerodynamic forces, this paper proposed a reduced dynamic model. Compared to all previous works in Rys et al. (2014) and Le Pape and Beaumier (2005) , we got to extract some relationships between forces. Thus it has been shown that we can reduce the dynamic presentation of our system. Consequently, we get an important entries reduction by knowing the forces inter-coupling. To this end, empirical tests are made to get the propeller and motor behaviours leading to a more realistic dynamic model.
The present paper is organised as follows: In Section 2, we present the UAV mechatronic design showing not only the main system constituent as frame motion and sensing devise but also an aerodynamic background. In Section 3, we outline a developed dynamic model of the trirotor UAV using Euler-Lagrange formalism. In Section 4, several experimental tests are made to identify the propeller behaviour and to estimate the forces and torques coupling. In Section 5, we conclude with a summary of our work. 
Trirotor mechatronic design

Frame
The trirotor frame is made from glass fibre. Also, it has shock-absorbing landing legs and folding aluminium arms as Figure 1 shows. The integrated tail servo mount is constructed of glass fibre as well, allowing to mount a mini tail servo for yaw control. The rear motor mount pivots on a dual ball bearing supported shaft providing smooth and precise movement. As a result, the yaw control is locked-in and very precise while flying.
Motion devices
Brushless motor
The main DC motor disadvantage is the presence of the brushes, which cause friction, noise, and also limit the life of the engine wear. To avoid all these problems, we generally use brushless motors for the UAV motions. As its name implies, this kind of motor is without brushes and the rotor occupies the motor external side, so there is no friction or parasite, less heat, and better performance. However, its major advantage remains the high rotation rate. This configuration is advantageous in terms of engine torque. The coils are energised sequentially. This creates a rotating magnetic field at the same frequency as the supply voltages. The permanent magnet of the rotor is trying every moment to move in the direction of the field. So that the brushless motor rotates, the supply voltages must be adjusted continuously so that the field is ahead of the rotor position, and so creates a torque. The choice of actuator depends on several criteria such as velocity, power source, and mechanical torque. In this work, we used brushless motor 'E Max Gf 2215/20 Brushless 1,200 kv' shown in Figure 2 . The [kv] unit is equivalent to [rpm/v] so in our case 1,200 kv means that if we supply the motor by 10 V the rotation rate will be about 12,000 rpm with a maximum current of 20 A. This reference could hold a mass of 1,125 g.
ESC and battery
In practice, the brushless motor is a three-phase permanent-magnet synchronous motor, so that the ESC (electronic speed controller) is simply three-phase inverter. Thanks to this device, we can increase or decrease the propeller rotation speed and therefore fly faster or slower.
The controller has an embedded calculator that can be parameterised. We control this device by a PWM signal as input and there are three phases that are feeding the brushless motor. To supply the motor and the other electrical equipment, an adequate source of energy is required. In this work, we used a LI-PO 3S1P 30C 5,000 mAh battery. The battery choice is linked to the type of actuators, although, it is common to use the lithium-polymer battery (Li-Po) with brushless motor. This type of battery is available in several voltages and capacities, the load of each cell (LI-PO) and the order of 3.7 V. Packs are characterised by a kind of appellation 3S1P. 3S means three cells in series (3 × 3.7 V = 11.1 V) and 1P = a parallel cell. The more there are cells in parallel, the higher battery power will be. The discharge capacity C is expressed in mAh, in our case C = 5,000 mAh, the battery can discharge 5 A during one hour (or 10 A for 30 minutes …). Similarly, the maximum discharge capacity is expressed also in C. Consequently, 30 C as a discharge battery capacity means that the maximum current supplied is 150 A. The discharge capacity gives already an idea about the UAV time of flight.
Propeller
The propeller remains one of the most important components in the flight process, it links between the motor velocity and the thrust force that enables the frame to hover. In this study, the chosen propellers are 10" × 4.7" made in carbon fibre, where 10" designates the length and 4.7" indicates the pitch. This two parameters will be clarified in the further section. The choice of propeller dimension regarding motor velocity remains empirical and depends on experimental nomograph. Moreover, each propeller has a predefined rotation sense as Figure 4 so before installing them we must know in advance the motor direction. 
Perception devices
IMU
The IMU or inertial measurement unit is a set of sensors brought together in an embedded board. Accordingly, this device remains useful in navigation task, able not only to integrate the movements of a UAV (acceleration and angular velocity) but also to estimate the orientation (angles of roll, pitch and yaw), and its linear speed and position. Indeed, the IMU used in this work contains: three-axis digital magnetometer (HMC5883L) measuring the roll, pitch and yaw rates, three accelerators (MPU6050) measuring the three components of the specific force vector, and a barometer (MS5611-01BA03) to measure the pressure which is related to the altitude.
Ultrasonic sensor
In order to get a safe flight, the UAV is equipped with three ultrasonic sensors of type 'HC-SR04'. These sensors have a detection range between 2 cm to 4 m. Another ultrasound sensor is placed below the drone toward floor in order to estimate the altitude knowing the roll and the pitch angle.
Supervision and communication protocols
To establish communication between the PC and the UAV, the Xbee protocol is chosen which allows a wireless transmission/reception. In this work, we used already two XBee modules s1 (Series 1) based on the ZigBee protocol. The ZigBee is a high-level protocol for radios communication, having low consumption, based on the IEEE 802.15.4 standard and having range between 30 m to 150 m outdoors. It can reach one kilometre in other modules (XBeepro). The Arduino board collects the data from the IMU using the I2C protocol, and sends them to the PC which works already under Labview environment. Figure 5 illustrates the system synoptic diagram.
Flight methodology
To ensure the hovering task, a vertical force should show off to compensate the gravity. Meanwhile, with the rotation of the propeller, a relative wind appears, giving rise to a pressure on the blades called dynamic pressure. As a result of this phenomenon, there is the occurrence of two aerodynamic forces, useful in flight called thrust and drag. A longitudinal section of a propeller is shown in Figure 6 . The dynamic pressure creates the aerodynamic forces during the propeller rotation. The vertical force which is exerted on the centre of propeller and normal to the propeller disk is the thrust forces sum F T , whereas, the tangential force having non-null torque but a null sum is the drag torque F D . Indeed, the drag torque presents the flight main issue caused by the reaction of the air on the propeller blades. Le Pape and Beaumier (2005) confirm that there are two parameters characterising any kind of propeller: its diameter is called length and the pitch defines the vertical travelled gap after full rotation. This parameter is crucial to establish the relationship between aerodynamic forces and the propeller velocity and the following expression is given:
We define A as the area of propeller disk then ρ as the density of air also Ω is the propeller velocity. The thrust and five drag coefficients are respectively C T and C D depending directly on the propeller length and pitch. These empirical determinations of these coefficients are illustrated in Section 4.
Trirotor dynamic model
Coordinate system and frame orientations
A trirotor is an under-actuated system of six DOF and four actuators, three engines and one servomechanism. Two motors have fixed vertical position while the third one can be tilted by the servomechanism. Unlike a quadrotor, trirotor is not fully symmetrical object which introduces certain difficulties for the control system (Rys et al., 2014 ). The dynamic model of the trirotor was developed using the Euler-Lagrange formulation. The vehicle is described in Figure 7 , using a right-handed inertial frame (E-frame) represented by (x, y, z) , and a right-handed body frame (B-frame) represented by (x b , y b , z b ) . The positive sense of the three angular variables roll (φ), pitch (θ), and yaw (ψ) is decided by a right handed rotation about positive x, y, and z axes, respectively. The centre of mass position relative of the generalised coordinates (x, y, z) of the trirotor, and the orientation of the rotor-craft is represented by (φ, θ, ψ) . 
Forces and torques acting on the trirotor
The total acting force on the UAV F zb remains always vertical along positive z b axis given as follows:
where the rotor 1, the rotor 2, and the rotor 3, respectively generates the thrust forces f 1 , f 2 and f 3 and α is the tilt angle of the rotor 3 about the positive y b axis.
Owing to its unique component according z b , translational force in the x b and y b directions is equal to zero. So, the total B-frame force vector is given as
Torques applied to the body expressed in generalised frame for changing (φ), (θ), and (ψ) are given by τ φ , τ θ and τ ψ , respectively, and expressed as
where τ 1 , τ 2 and τ 3 are respectively the drag torques of rotors 1, 2 and 3. The torque components τ φ , τ θ and τ ψ influence the roll, pitch and yaw of the system.
Dynamics
Any vector q b in the B-frame can be transformed into a vector q e in the E-frame by the relation
where R is the rotation matrix of the B-frame relative to the E-frame determined as
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The kinetic energy due to the translation of the trirotor is given by ( )
where m is the vehicle mass. The body angular velocity Ω = (Ω φ Ω θ Ω ψ ) can be expressed as
given that T RR is a skew-symmetric matrix and Ad -1 designate the inverse transformation leading to extract the vector form.
Proof:
R is a rotation matrix so R is orthogonal let RR T = I 3 with the derivation of this term we get 3 .
Let A skew-symmetric matrix so A could be written as follows: 
where I x , I y and I z are the moments of inertia about the x b , y b , z b axis, respectively. The total potential energy of the system is defined as
Potential and kinetic energy expressions being determined, the Lagrangian L can be obtain as L = T trans + T rot -V for the overall system which is ( 
The dynamic model can be determined using the EulerLagrange equation
( 1 2 ) where
T is a column vector consisting of the E-frame forces
T where F x , F y , and F z are the forces along x, y and z axes, respectively, and the expression for the generalised torque vector τ has already given in (4).
The relation between the B-frame forces given in (3) and the E-frame forces is given by
So, we get the translational equation of motion as
( 1 4 ) which on expanding takes the form ( 1 5 ) To obtain the rotational motion, the Lagrangian L is introduced in the Euler-Lagrange equation (10) and give as the following dynamic model ( ) 
In order to obtain the real dynamic model of trirotor, we consider the physical next parameters value. And finally, Figure 8 shows the input/output diagram describing the trirotor dynamics. 
Experimental thrust force test
In order to get the relation between the thrust and motor velocity, we proceed to make some tests. We put a mass of 1 kg upon a numeric balance, this mass is bonded to a brushless system with a propeller as Figure 9 shows.
The propeller rotation induces a vertical force compensating the gravity force. Consequently, the faster the propeller rotates the lighter the mass becomes according to the balance. The motor velocity is measured by an infrared tachometer. We supposed that the gravity g = 9.81 m.s -2 , so measurements are done as the following table shows. The characteristics (velocity, thrust) could be assimilated as a parabola so making the second characteristics (velocity 2 , thrust) prove linearity and could lead to the final formula: 
Experimental drag torque test
To measure the drag torque we built a system: a rotating shaft around an axis that includes a brushless motor one extremity and a suspension system with a spring in the other extremity as Figure 10 illustrates. The motor rotation generates tangential force F D this force tends to rotate the system which lengthens the spring by Δx from the other side. In equilibrium, depending on the forces moment theorem, the spring force is proportional to F D . The preliminary tests on the spring gave the value of its constant k = 144.9 N/m so using Hooke's law we could deduce the spring force. Table 3 contains experimental results. After having analysed the characteristic (velocity 2 , drag), the formula is given as follows: It remains to note that there is a proportionality between F T and F D by using equations (21) and (20) 
Model inputs reduction
Indeed, equation (22) Finally, the contribution of this study is to reduce the diagram presented in Figure 8 to the one illustrated by Figure 11 where the drag torques are illuminated from the trirotor dynamics scheme. 
Conclusions
In this paper, a trirotor unmanned vehicle is presented, firstly, a mechatronic design is shown with the establishment of remote measurement system including sensors and actuator through an Xbee wireless protocol.
Then, a real dynamic model is determined using the Euler-Lagrange equation. In this work, much attention was paid to the practical aspect, moreover, with empirical manipulations we deduce some relations between drag torque and thrust forces. Consequently, these experimental tests show that we can have a reduced dynamic model inputs number. Note that the control challenge of a trirotor is not the same for a quadrotor. Indeed, the quadrotor is not only more balanced, but also the trirotor is considered more underactuated. Experimental tests have been shown that we can reduce the trirotor model published in recent works. Accordingly, this contribution will be beneficial in further works where we attempt the real-time control implementation.
